Carbon-carbon composites (C/C) are representative advanced materials utilized for brake disks of aircraft, the nose and leading edges of the US space shuttle and other aerospace applications. The various properties of these composites, their mechanical, thermal and electrical properties, are closely related to the graphitization of the components. Conventionally, the graphitization of carbon-carbon composites has been measured using relatively expensive facilities such as X-ray units, Raman spectroscopy, magnetic measurements, etc. However, a simpler and less expensive method for the evaluation of graphitization is required from the practical viewpoint. Therefore, the correlation between cyclic voltammograms in dilute sulfuric acid and the degree of graphitization of C/Cs was investigated in the present study. Three kinds of C/Cs whose degree of graphitization differed from each other were used. Two types of compounds, phenol-type and carbonyl-type compounds, were formed on surfaces of specimens in sulfuric acid. The results presented here indicate that the graphitization of C/Cs changes the main components of surface compounds from the phenol type to the carbonyl type.
L INTRODUCTION
Carbon fiber-reinforced carbon composites, carboncarbon composites, or simply C/Cs, are utilized for brake disks of aircraft, the nose and leading edge of the US space shuttle as one class of representative advanced materials, since their mechanical properties are retained at elevated temperatures in excess of 2273K III. Both constituents of C/Cs, matrix and fiber, are made of carbon and developed from precursors such as pitch, resin, etc. into graphite by heat treatment. The mechanical, thermal and electrical properties of C/Cs are closely related to the degree of graphitization III. Although these characteristics of C/Cs are generally evaluated by X-ray analysis, electron microscopy, magnetic measurement, etc. 12-11, it is desirable to develop a simpler and less expensive method from the viewpoint of practicality.
Surface oxides formed on carbon fibers in aqueous solutions have been studied extensively to raise the bonding force between matrix and fiber /8-16/. We have also investigated the cyclic voltammograms of carbon materials in dilute sulfuric acid to clarify their electrochemical behavior as electrodes, and confirmed that several types of compounds form on the material surfaces due to the reaction with water and that the behavior depends on both the type of carbon and the manufacturing conditions Ill-Ill. The differences in oxidation reaction among carbon materials must be attributed to those of graphite-like microstructures, although the precise relation between the cyclic voltammograms and microstructures has not been sufficiently discussed. Clarification of the correlation between the redox behavior of surface compounds on C/Cs and graphitization will facilitate development of a new method with which to quantify graphitization. Therefore, we investigated the redox behavior of surface compounds on various C/Cs in dilute sulfuric acid by cyclic voltammetry. Here, we will also discuss the qualitative relation between the behavior and the degree of graphitization.
EXPERIMENTAL
All carbon fibers used in the presented investigation were commercial mesophase pitch (MP) fibers. Fiber A was manufactured by the Japanese Idemitsu Company, but it is no longer on the market. Both fibers Β and C were produced by the US AMOCO Co. (Thornel Pitch Based Fibers P-55S and P-120S, respectively). The characteristics of these fibers are listed in Table 1 . Pitch-based carbon fibers are sensitive to graphitization due to heating, and their Young's moduli increase with Heat Treatment Temperatures (HTT) /l, 10/. In the present investigation, the Young's moduli of the specimens increased in the. following order: A < Β < C, which suggests the progress of graphitization in the same order. These three types of fibers were inserted in cylindrical pipes made of graphite (the diameter: 10 mm) so that the volume fraction of fibers comprised 60% of the total volume. Coal tar pitch with a softening point of 360K was impregnated into these fibers under vacuum at 473K and then carbonized under pressure at 923K. After the process was repeated several times, the carbonaceous composites were graphitized at 2773K into unidirectional C/Cs (UDCCs). In the present investigation, these specimens are named spec. A, B, C, respectively. On the other hand, the above three types of carbon fibers were graphitized at 2773K and then C/Cs were produced in the same way. These specimens are referred to here as spec. A+, B+, C+, respectively. The final volume fraction of all specimens was 50%, since fibers in C/Cs shrink during the process of graphitization above 2273K. These six kinds of specimens were used in the present investigation. Fig. 1 shows the flow chart of the fabrication of specimens 161.
The UDCCs produced in the above process were cut perpendicularly to the direction of fibers, and circular cross-sections were used as electrode surfaces. Firstly, the cut specimens were subjected to X-ray diffraction analysis (Philips PW3050, voltage: 40 kV, current 30 mA) carried out between 20° and 70° at a rate of 2 θ = 0.1° per second. Then, samples connected by lead wires were embedded in epoxy resin, hand-polished with a series of abrasive papers and buffed to remove the surface products during heat treatment, and used as the working electrode. A platinum wire (helical form) was used as the counter-electrode with a silver/silver chloride electrode (Ag/AgCl/3.3 kmol-m" 3 KCl) as the reference electrode. (All the potentials in this paper will be described on the basis of the reference electrode.) These three electrodes were immersed into 0.5 kmol· m" 3 H 2 S0 4 solution constituting the cell. Fig. 2 shows a block diagram of the measurement system used in the present investigation. The three electrodes were connected to a potentio/galvanostat (Hokuto Denko, HA303). The potential of the specimens was scanned at a constant rate by a function generator (Hokuto HB-104). The potential was recorded directly using an X-Y recorder (Yokogawa 3025) as the X-axis, but the current was determined via a log-converter (Hokuto HG-102) as the Y-axis on a logarithmic scale. The temperature of the solution was maintained at 303 ± IK during the measurements.
RESULTS AND DISCUSSION

X-ray analysis
Fig . 3 shows the results of X-ray diffraction analysis on the surfaces perpendicular to the direction of fibers (electrode surfaces). The diffraction angle, 2 Θ, is plotted on the abscissa, with the arbitrary intensity of diffracted X-rays on the ordinate. (The intensity is indicated relative to that of the strongest peak on the scale of square root which makes it possible to analyze the lower portions of peaks.)
The peaks which could be observed for all specimens commonly were those at 26.4° corresponding to the (002) plane, at 42.3° indicating the (100) plane and at 44.2° corresponding to the (101) plane. The peaks of (100) and (101) overlapped each other and the weaker peak of (101) could not generally be separated from that of (100). For all specimens, the peaks of (002) were higher than those of (101). This Table 1 Characteristics of fibers used in the present investigation indicates that the graphite crystals of specimens were preferentially oriented along the fiber axis. Fig. 4 shows the ideal crystal structure of graphite in which hexagonal net planes (graphene planes) constituted by carbon atoms are separated by a distance of 0.3354 nm. Within graphene planes, atoms are bound hexagonally by relatively strong σ-bonds, as a result of which graphite is highly resistant to deformation within the planes. On the other hand, graphene planes are bound to each other by weak π bonds and, therefore, graphite is deformed easily in the direction of the caxis. Generally, graphene planes become parallel to the fiber direction for high modulus carbon fibers such as those used in the present investigation when graphitized. Since the preferred orientation of the specimens was parallel to the graphene plane as shown in Fig. 3 ,
" " ι" " ι" " ι" " r Uioi) \ (004) electrode surfaces used in the electrochemical measurements were perpendicular to the planes and parallel to the c-axis. The general tendency of X-ray diffraction for all specimens has been described above. However, detailed analysis indicated slight differences among the individual results. Since the matrices were the same for all specimens, the differences in XRD results correspond mostly to those of the fibers. For spec. A (Fig. 3-Φ) , the peak intensity of the (002) plane was relatively high in comparison with other specimens, and peaks other than those corresponding to (002) and (100) were recognized at 31.5°, 44.4° and 54.3°. The peak at 31.5° was recognized only for spec. A and could not be identified at present. The peak at 44.4° corresponded to the crystal planes (101), but was ambiguous and broad due to the overlap with the peak of the (100) plane. The third peak at 54.3° corresponded to the (004) plane, the interlayers between graphene basal planes perpendicular to the caxis. This peak was weak, but could be observed only for spec. A. Since both (002) and (004) planes perpendicular to the c-axis were remarked in spec. A, fiber A appeared to contain many non-oriented crystals and the graphitization of spec. A was the least among these specimens III. The separation of (101) from (100) was remarked in the following order: spec. A < spec. Β < spec. C. Since the separation of these two adjacent peaks is related to the progress of graphitization 1221, the degree of graphitization increased in the same order. The sharpness of diffraction peaks can also be regarded as an indicator of degree of graphitization 1221. Since the sharpness of the highest peak (100) increased in this order, the differences in graphitization among these specimens can also be explained from this viewpoint.
When comparing specimens of non-treated and treated fibers, both the sharpness of the peaks and the separation of (100) and (101) peaks for the latter were more marked than those for the former. This indicated that the graphitization of fibers was reflected in the results of XRD for the whole C/Cs. 3.2. Cyclic voltammetry for spec. A, Β and C Spec. A, Β and C, whose degrees of graphitization varied from one another, were analyzed electrochemically by cyclic voltammetry. Specimens were immersed into sulfuric acid solutions at 1.2 ks and then the potential was scanned in the less noble direction to reduce surface oxides formed in air before tests. Then, the scanning of potentials was changed to the noble direction. In this way, the potential was scanned repeatedly between -1.0 V and +1.0 V.
Figs. 5 and 6 show the results for spec. A. In Fig. 5 , the initial curve measured from the rest potential to -1.0 V was omitted for convenience. The curves scanned in the noble direction from -1.0 V were recorded. The scanning was repeated several times between -1.0 V and 1.0 V and the turning potentials on Fig. 5-φ) , three current peaks (-0.4 V, 0.05 V, 0.15 V) were recognized as anodic reactions. These anodic peaks were small when cathodic polarization was insufficient (Fig. 6) . Therefore, they corresponded to the oxidation reaction of hydrogen and/or hydride produced in the cathodic polarization and captured in the porous specimens. When the turning potential on the noble side changed to 0.5 V, the anodic current peak could be observed above 0.4 V and the cathodic current peak at about 0.4 V. Previous investigations indicated that the anodic current peak at 0.4 V corresponds to the formation of carbonaceous compounds with phenol groups like hydroquinone /17-21/. These compounds were produced on the surfaces of the specimens by reaction with water molecules (1).
C (composites) + H 2 0 -> (C-OH) (on surfaces) + rf" + e (1)
The reduction of the compounds (the reverse reaction of (1)) occurred at the same potential, and therefore reaction (1) can be regarded as "reversible". When the turning potential was set to 1.0 V, the small current peak was also observed at 0.6 V as well as 0.4 V and then the constant current was maintained up to 1.0 V. Previous studies demonstrated that carbonyl compounds such as quinone are produced at about 0.8 V /17-21/.
C (composites) + H 2 0 -»(C-O) + 2H* + 2e
(2) Therefore, the peak at 0.6 V and the current between 0.6 V and 0.8 V corresponded mainly to the formation of carbonyl compounds on the specimen surface. When the potential returned in the cathodic direction from 1.0 V, the cathode current corresponding to the reduction of carbonyl compounds was not observed at the same potential. The reduction current was observed below 0.35 V, which was slightly less noble than that in the case of the reduction of phenol compounds. Therefore, the redox of carbonyl compounds can be regarded as "irreversible". The reduction of carbonyl compounds thus occurred gradually between 0 V and 0.4 V, supported by the results shown in Fig. 6 . When the turning potential on the less noble side moved in the less noble direction, the anode current between 0.6 V and 1.0 V as well as that at 0.4 V increased. As the reduction of compounds proceeded sufficiently at -0.7 V, the oxidation reaction corresponding to the formation of compounds on the surface occurred intensively in the anodic scanning. In contrast, the insufficiently reduced surface compounds at 0 V can block the anodic formation of compounds on the surface after the turning potential on the less noble side. This suggests that the carbonyl compounds were also reduced below 0.4 V.
Figs. 7 and 8 show the cyclic voltammograms of spec. B. The electrochemical behavior of spec. Β was markedly different from that of spec. A. For Fig. 7 , the turning potential on the noble side was moved gradually in the anodic direction. No anode current peak at 0.4 V was observed and only the broad current peak between 0.6 V ~ 0.8 V was seen. On the other hand, the reduction current peak was observed at 0.2 V. These observations indicate that only the redox reaction of the carbonyl-type compounds on the surface occurred and that phenol-type compounds were not produced. Since the redox reactions of carbonyl-type compounds are irreversible, the shapes of the voltammograms were different from those of spec. A which had a 'blister' on both the anodic and the cathodic sides at 0.4 V. For  Fig. 8 , the turning potential on the less noble side was moved in the less noble direction. Since the reduction of carbonyl-type compounds occurred completely, the current turned after the turning of the potential at 0 V, increased abruptly above 0.5 V and formed a broad peak between 0.6 V ~ 0.8 V, which corresponded to the redox reaction of carbonyl-type compounds. When the turning potential was moved in the cathodic direction, hydrogen evolution occurred, and therefore the anodic current after the turning of the potential increased as a whole.
Figs. 9 and 10 show the cyclic voltammograms of spec. C, when turning potentials were changed on the noble side and the less noble side, respectively. For Fig.  9 , the turning potential on the noble side was moved gradually in the noble direction. In this case, the anodic current peak was not observed at 0.4 V, similarly to spec. B, corresponding to the lack of the formation of phenol-type compounds on the surface. The current increased rapidly above 0.6 V with the turning potential indicating the formation of carbonyl-type compounds, and the reduction current increased in the on the specimens proceeded with movement of the turning potential in the less noble direction, the anodic current increased in the relatively broad region with the turning potential. However, no current peak was observed at 0.4 V in either the anodic or the cathodic reaction. Therefore, the current increased particularly above 0.6 V in anodic scanning and decreased gradually in cathodic scanning for the cyclic voltammogram of spec. C. These results of spec. Β and C indicate that the phenol-type compounds had difficulty forming on the surfaces of these specimens. The current increasing gradually in the potential region between 0.6 V and 0.8 V was consumed for the formation of carbonyl-type compounds, and the reduction of the compounds occurred gradually up to 0 V in the cathodic scanning, since the reactions are irreversible. As the degree of graphitization for spec. Β and C was higher than that for spec. A (Fig. 3) , we conclude that the graphitization of carbon-carbon composites changed the compounds formed on the surface of specimens from the phenoltype to the carbonyl type.
The effects of graphitized fibers
Figs. 11 and 12 show the effects of graphitization of fibers on the cyclic voltammograms in sulfuric acid in the case of spec. A and spec. C, respectively. For the same. However, the peak at 0.4 V became smaller and that at 0.6 V larger in spec. A+ than in spec. A. As a result, the blister on the voltammogram at 0.4 V for spec. A+ was less marked than that for spec. A. The difference between spec. A and A+ corresponds to that of fibers dominating the other half of the composites. Although their types of fiber were the same, the degree of graphitization was higher for spec. A+ than for spec. A. Therefore, the formation of phenol-type compounds on parts of fibers was more difficult for spec. A+ than for spec. A, and this affected both voltammograms. For Fig. 12 , the cyclic voltammograms of spec. C and spec. C+ were compared. For both specimens, phenol-type compounds had difficulty forming on the surfaces and the current was relatively higher at 0.8 V than that at 0.4 V, since spec. C itself was already highly graphitized. However, the current ratio of caibonyl-type compounds to phenol-type compounds was larger for spec. C+ than for spec. C, and the blister of cyclic voltammogram at 0.4 V was less marked for spec. C+ than for spec. C. These observations indicate that the graphitization of fibers in advance for highly graphitized specimens also shifted the current peak in the noble direction for the cyclic voltammograms of whole specimens.
CONCLUSIONS
The electrochemical behavior of three kinds of C/Cs composed of different fibers and the same matricesspec. A, Β and C -in sulfuric acid was investigated using cyclic voltammetry, and the correlations between their degrees of graphitization and electrochemical behavior were discussed. In addition to the above specimens, spec. A+, spec. B+ and spec. C+, whose fibers were graphitized in advance before graphitization of the whole specimens, were also investigated to clarify the effects of graphitized fibers on the graphitization of whole specimens. The results of XRD showed that the degree of graphitization increased in the following order: spec. A < spec. Β < spec. C. Graphitization of fibers prior to graphitization of the whole specimens affected the XRD results of the whole specimens. For the cyclic voltammograms of these specimens in dilute sulfuric acid, two types of anodic current peaks were recognized: one at about 0.4 V corresponding to the formation of phenol-type compounds on the specimen surface, and another between 0.6-0.8 V corresponding to the formation of carbonyl-lype compounds. The redox reaction of the former occurred reversibly at the same potential. However, that of the latter was irreversible and the reduction reaction occurred at 0 V-0.4 V. Graphitization of fibers in advance also shifted the anodic current peak in the noble direction, which corresponds to the change in oxides from phenol-type to carbonyl-type.
Although the results presented in this paper were qualitative and somewhat speculative, the cyclic voltammograms exhibited characteristic features which could be used to distinguish between C/C composites with different physical properties. Quantitative studies using this technique may establish cyclic voltammetry as a rapid evaluation technique for the graphitization of C/C composites.
